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Abstract

Background The role of long non-coding RNAs (IncRNAs) and their nearby messenger RNAs (mRNAs) in systemic
lupus erythematosus (SLE) pathogenesis is not well understood.

Method High-throughput sequencing was utilized to analyze PBMCs obtained from SLE patients. Subsequently,

we conducted differential analysis, Gene Ontology (GO) analysis, Kyoto Encyclopedia of Genes and Genomes (KEGG)
analysis, and verification through quantitative real-time PCR (gRT-PCR). Additionally, gRT-PCR was used to analyze the
levels of INcRNAs or mRNAs in transfected Raji cells.

Results We identified 419 differentially expressed (DE) IncRNAs and their 337 nearby DE mRNAs in SLE patients.

More than 67% of the DE IncRNAs were lincRNAs and intronic_IncRNAs. The most significantly regulated nearby
mRNAs in SLE patients were LTF and CIRBP, potentially involved in recurrent infection and photosensitivity. GO analysis
revealed upregulation of the immune effector process term, with genes such as C1gA, C1qC, C1gB, NLRP3, and CXCL6
participating in this term and the upregulated pertussis signaling pathway. Analysis of the nearby coding genes of

88 lincRNAs indicated that XLOC_185773 had the highest number of nearby encoding genes and was negatively
correlated with peripheral blood lymphocyte counts, potentially regulating HARS. Furthermore, LNC_005556, an
antisense DE IncRNA, was negatively correlated with lupus nephritis occurrence and may regulate the upregulated
IGLL5 in patients.

Conclusions The current study provides insights into the dysregulation of INcRNAs and nearby mRNAs in SLE,
highlighting potential key players in the pathogenesis of the disease.
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Background

Systemic lupus erythematosus (SLE) is an autoimmune
disease that damages various organs in the body, result-
ing in high morbidity and mortality [1]. The pathogenesis
of SLE involves different factors, such as environmental
factors, viral infections, autoantibodies, complement,
and immune complex deposition. Ultraviolet radiation
causes DNA damage, cell stress response, apoptosis,
and increases the production of autoantigens [2]. Viral
infections not only activate innate and interferon-related
immune responses but also participate in the pathogen-
esis of SLE through molecular simulation and epitope
diffusion [3, 4]. Moreover, abnormal activation of the
autoimmune system occurs due to altered apoptosis or
debris clearance-related gene expression [5]. Comple-
ment changes, including Clg, C2, and C4A, are also
involved in SLE [6].

Long noncoding RNAs (IncRNAs) are a type of non-
coding RNA that, ranging in length from 200 nt to over
100 kb. They are located in extended or overlapping
antisense transcripts between protein-coding genes and
usually lack an obvious open reading frame. LncRNA
have attracted increasing attention due to their partici-
pation in the pathogenesis of many diseases [7-9]. Cis-
regulation refers to the functional relationship between
IncRNAs and their neighboring protein-coding genes.
When IncRNAs are located within 100 kb upstream or
downstream of a gene, they may interact with mRNA to
participate in transcriptional regulation [10, 11]. There
are three modes of action for these IncRNAs: (1) bind-
ing to chromatin or DNA strands to affect transcription
and mRNA splicing, (2) affecting the binding of tran-
scription factors to promoter and enhancer regions, and
(3) binding to transcription elements to affect gene tran-
scription and expression. It was reported that IncRNA
may enhance the production of IFN-y by cis regulat-
ing LMBRD?2 and thereby exacerbating SLE [12]. Sev-
eral other interaction pairs of IncRNA-nearby targeted
mRNA were identified in SLE [13]. Therefore, IncRNAs
and their nearby mRNAs are involved in the pathogen-
esis of SLE.

In the current study, we detected the expression profiles
of IncRNAs in the PBMCs of SLE patients using high-
throughput sequencing and further analyzed the specific
IncRNAs and their nearby mRNAs in SLE patients. We
predicted the biological functions of the differentially
expressed (DE) IncRNAs in SLE by performing GO and
KEGG analysis of their nearby DE mRNAs. Research
on the pathogenic genes helps us to better understand
the pathogenesis of SLE and provides evidence for new
approaches to the treatment of SLE.
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Methods

Patient data and sample collection

We obtained clinical data from 50 SLE patients who
received treatment at the First Hospital of Jilin Univer-
sity between August 2018 and October 2019 (Additional
file 1). The diagnostic criteria for SLE were based on the
American College of Rheumatology (ACR) guidelines
established in 1997, which require meeting at least 4 of
11 criteria for systemic lupus erythematosus. Sample
collection was conducted after the patients’ admission
and prior to the initiation of drug therapy. Clinical infor-
mation such as the disease course of the patients and
whether there is associated lupus nephritis can be found
in Additional file 2. We included 40 healthy subjects of
similar age and sex as the control group. We performed
a detailed analysis of the age and sex distribution for
both SLE patients and the healthy control group (Addi-
tional file 3). Among the collected samples, the peak
age of onset for SLE patients was 21 to 30 years old.
The patients were mainly female, and the proportion of
females among patients in all age groups was higher than
91.7%. The age and sex distribution of the healthy control
group was matched with that of the SLE patient group
to ensure there was no significant difference between
the two groups in terms of age and sex. All patients and
healthy controls had no alcoholism, viral carcinogenesis,
malaria, or cancer at the time of sample collection, and
those with current or recent infections were excluded.
Peripheral blood mononuclear cells (PBMCs) from 20
SLE patients and 10 healthy subjects were randomly
selected for high-throughput sequencing, while PBMCs
from other SLE patients and healthy subjects were used
for validation assays.

Ethics statement

This study was approved by the Institutional Medical
Ethics Review Board of the First Hospital of Jilin Uni-
versity (reference number: 2017-087), and all procedures
were conducted in accordance with the Declaration of
Helsinki.

High-throughput sequencing

RNA purity and integrity were assessed as previously
described [14—16]. Three micrograms of RNA per sample
were used for sample preparation. Sequencing was per-
formed as previously described [16]. Briefly, ribosomal
RNA was removed using the EpicentreRibo-zero™ rRNA
Removal Kit (Epicenter, USA), and rRNA-free residues
were cleaned up by ethanol precipitation. Subsequently,
sequencing libraries were generated using the NEBNext®
Ultra™ Directional RNA Library Prep Kit (NEB, USA)
following the manufacturer’s instructions. The quality
of the sequencing library was assessed using an Agilent
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Bioanalyzer 2100 system. Finally, sequencing was per-
formed on an [lumina HiSeq X Ten (paired-end 150-bp
reads).

Sequencing data analysis

Sequencing analysis was performed as previously
described [16]. Briefly, the reference genome and gene
model annotation files were downloaded from the
genome website (Homo_sapiens.GRCh38.94). The index
of the reference genome was built, and the paired-end
clean reads were aligned to the reference genome using
HISAT2 v2.0.4 [17]. HISAT2 was run with ‘--RNA-
strandness RF, and other parameters were set as default.
The FPKMs of both IncRNAs and coding transcripts in
each sample were calculated using StringTie (v2.1.1)
[18]. FPKM was calculated based on the length of the
fragments and read count mapped to this fragment, and
represents fragments per kilobase of exon per million
fragments mapped.

To explore the transcriptome assembly, we utilized
the ballgown suite, which allowed for interactive visu-
alization of transcript structures and feature-specific
abundances for each locus. Additionally, posthoc anno-
tation of assembled features to annotated features was
performed [19]. We investigated the cis role of long
non-coding RNAs (IncRNAs) by searching for coding
genes located 100 kb upstream and downstream of the
IncRNAs, and analyzing their functions. The differen-
tial expression of replicated count data was examined
using edgeR (3.0.8), a Bioconductor software package.
Transcripts with a corrected p-value less than 0.05 were
assigned as DE. An overdispersed Poisson model was
used to account for biological and technical variability.
GO enrichment analysis and KEGG analysis were per-
formed as previously described [14, 15].

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from cells stored at -80 C (per
5x10° cells/ml) in TRIzol reagent (Invitrogen, Carlsbad,
CA, USA), and qRT-PCR was performed as previously
described [20]. The primer sequences are listed in Addi-
tional file 4.

Cell culture and transfection

Raji cells were cultured overnight in 24-well plates at a
density of 5 x 10° cells/well in 1 ml of RPMI1640 medium
(Corning, NY, USA) supplemented with 10% fetal bovine
serum (ZQXZBIO, Shanghai, China). Small interference
RNAs targeting XLOC_185773 (si-XLOC_185773) and
LNC_005556 (si-LNC_005556), along with negative con-
trols (si-Control), were procured from IBSBIO (Shanghai,
China). The si-XLOC_185773 or si-LNC_005556 were
transfected into the cells at a functional concentration of
50 nM using Lipofectamine 3000 (Invitrogen, CA, USA,
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2 ul/well). Non-transfected cells served as controls. Post
48 h of transfection, cells were stimulated with lipopoly-
saccharide (LPS, Solarbio, Beijing, China, 10 ng/ml) for
4 h, with cells devoid of LPS serving as controls. Sub-
sequently, cells from each well were harvested and pre-
served in 1 ml of TRIZOL for qRT-PCR analysis.

Statistical analysis

Statistical analysis and graph rendering were performed
using GraphPad Prism 8.0 (GraphPad Software, San
Diego CA, USA). An unsupervised heatmap was gen-
erated using all data between the maximum (red) and
minimum (blue) values for each gene to compare differ-
ent matrices. The Wilcoxon signed-rank test for paired
samples and Mann-Whitney U test for unpaired samples
were applied, with a p-value less than 0.05 considered
statistically significant.

Results

Differential expression analysis of LncRNAs in PBMCs of
SLE patients

We conducted a comprehensive analysis of the expres-
sion profiles of IncRNAs in PBMCs obtained from SLE
patients and healthy controls (Fig. 1A). The volcano plots
depicted the distribution of significantly up or down-
regulated IncRNA genes (Fig. 1B). The clustering analy-
sis of DE IncRNAs is presented in Fig. 1C. Using a cutoff
of |foldchange| > 2 and p-value<0.05, we identified 419
DE IncRNAs, of which 241 were upregulated (length
and fold change ranged from 215 to 287,306 and 0.9 to
10.07, respectively) and 178 were downregulated (length
and fold change ranged from 282 to 204,537 and 0.85 to
9.21, respectively) (Fig. 1D). The number of dysregulated
IncRNAs varied among the subgroups with different fold
changes, with most of the IncRNAs falling in the 0<fold
change <2 and the 2 <fold change <4 subgroups (Fig. 1E).
According to the annotation file (http://ftp.ensembl.or
g/pub/release-94/gtf/homo_sapiens/) of the genome (h
ttp://ftp.ensembl.org/pub/release-94/fasta/homo_sapie
ns/ncrna/), the gene sources of differential IncRNAs are
classified into 8 categories: lincRNA, intronic_IncRNA,
antisense_IncRNA, processed_transcript, TEC, sense_
intronic, sense_overlapping, and misc_RNA. Notably,
more than 67% of the dysregulated IncRNAs belonged
to the lincRNA and intronic_IncRNA groups, regardless
of whether the IncRNAs were upregulated (Fig. 1F) or
downregulated (Fig. 1G). Furthermore, we identified the
top 10 distinctly regulated IncRNAs, including the most
upregulated IncRNA, LNC_005556 (fold change, 10.07),
and the most downregulated IncRNA, LNC_000099 (fold
change, 9.21), as shown in Fig. 1H. These IncRNAs may
contribute to the pathogenesis of SLE.


http://ftp.ensembl.org/pub/release-94/gtf/homo_sapiens/
http://ftp.ensembl.org/pub/release-94/gtf/homo_sapiens/
http://ftp.ensembl.org/pub/release-94/fasta/homo_sapiens/ncrna/
http://ftp.ensembl.org/pub/release-94/fasta/homo_sapiens/ncrna/
http://ftp.ensembl.org/pub/release-94/fasta/homo_sapiens/ncrna/
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Fig. 1 LncRNA expression profiles in PBMCs of SLE patients. (A) Boxplot depicting the distribution of FPKM values for INncRNAs in each sample. (B) Volcano
plot displaying the differentially expressed (DE) INCRNAs between the SLE and control groups. Each point represents a detectable gene in both groups.
(€) Cluster analysis of 419 differentially expressed (DE) IncRNAs between the SLE and control groups with an adjusted p-value <0.05. (D) Pie chart showing
the number of upregulated and downregulated IncRNAs with respect to length and fold change. (E) Number of IncRNAs in different subgroups classified
by fold change (FQ). (F and G) Pie chart showing the classification of upregulated (F) and downregulated (G) IncRNAs including lincRNA, intronic_IncRNA,
antisense_IncRNA, processed_transcript, TEC, sense_intronic, sense_overlapping, and misc_RNA. (H) Top 10 significantly upregulated or downregulated

INcCRNAs

The nearby DE mRNA profiles in PBMCs of SLE patients

To further investigate the potential functional roles of DE
IncRNAs, we analyzed the DE IncRNA-associated nearby
DE mRNAs in the PBMCs from SLE patients compared
to that from healthy controls (Fig. 2A). The volcano plots
showed the number and distribution of significantly up
or downregulated nearby mRNA genes (Fig. 2B). Cluster-
ing analysis results of nearby DE mRNA were presented
in Fig. 2C. Using |fold change| cutoff>2.0 and p-value
cutoff<0.05, we identified a total of 234 mRNAs with
upregulated expression and 103 mRNAs with downreg-
ulated expression among the 337 DE mRNAs (Fig. 2D).
The length and fold change of these mRNAs ranged from
598 to 633,422 and 0.77 to 11.59, respectively. Similar
to the IncRNAs, most dysregulated mRNAs were in the

0<fold change<2 subgroup and the 2<fold change<4
subgroup (Fig. 2E). Furthermore, we identified the top 10
DE mRNAs, with LTF (ENST00000417439; fold change,
11.59) being the most significantly upregulated mRNA
and CIRBP (ENST00000586548; fold change, 8.87) being
the most significantly downregulated mRNA (Fig. 2F).

Gene ontology (GO) analysis of the nearby DE mRNAs in
PBMCs of SLE patients compared to healthy controls

To gain insights into the biological processes, cellular
components, and molecular functions associated with
SLE, we performed a comprehensive GO analysis of the
nearby DE mRNAs identified in PBMCs of SLE patients
compared to healthy controls. Our analysis revealed the
top 10 significantly enriched terms, as shown in the pie
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Fig. 2 Nearby differentially expressed (DE) mRNA profiles in PBMCs of SLE patients. (A) Boxplot showing the FPKM distribution of nearby mRNAs in each
sample. (B) Volcano plot displaying the nearby DE mRNAs between the SLE and control groups. Each point represents a detectable gene in both groups.
(€) Cluster analysis of 337 nearby DE mRNAs between the SLE and control groups with an adjusted p-value <0.05. (D) Pie chart showing the number of
upregulated and downregulated mRNAs with respect to length and fold change. (E) Number of mRNAs in different subgroups classified by fold change

(FQ). (F) Top 10 significantly upregulated or downregulated mRNAs

chart (Figs. 3A, D and G and 4A and D, and 4G), and the
top 10 enrichment scores and fold values, as shown in the
bar plot (Figs. 3B, E and H and 4B and E, and 4H) and
(Figs. 3C, F and I and 4C and F, and 41), respectively. Our
findings suggest that immune effector processes, defense
responses, and metabolic processes are likely involved
in SLE pathogenesis. Specifically, upregulated mRNAs
were enriched in GO terms related to immune effector
processes, defense responses, and responses to external
biotic stimuli (Fig. 3B), while downregulated mRNAs
were enriched in GO terms related to negative regulation
of viral RNA replication, DNA cytosine deamination, and
mannose metabolic process (Fig. 4B). The detailed GO

terms and their descriptions can be found in Additional
file 5-10.

Pathway analysis of the nearby DE mRNAs in PBMCs of SLE
patients compared to healthy controls

Pathway analysis is a functional analysis that involves
mapping genes to Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways. Our analysis revealed
that there were 18 upregulated and 14 downregulated
pathways in SLE patients compared to healthy con-
trols (Fig. 5A). The bar plot displayed the scores (-log10
(p-value)) of the top 10 significantly enriched pathways
(Fig. 5B and D). As shown in Fig. 5B-C our findings
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total)) for BP, CC, and MF, respectively. The term “count”refers to the number of differentially expressed (DE) genes associated with the listed ID of the gene
ontology term, while “pop. hits" refers to the number of background population genes associated with the listed ID of the gene ontology term.List. Total”
represents the total number of DE genes, and “Pop. Total" represents the total number of background population genes
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Fig. 5 KEGG analysis of nearby differentially expressed (DE) mRNAs with dysregulated expression. (A) The number of pathways for nearby DE mRNAs with
dysregulated expression (p <0.05) is shown in a bar chart. (B, C) Pathway analysis was performed on the upregulated transcripts. (D, F) Pathway analysis

was performed on the downregulated transcripts

indicated that the upregulated mRNAs were mainly
involved in pathways related to pertussis (Additional
file 11), staphylococcus aureus infection, and cytokine-
cytokine receptor interaction. In contrast, as shown
in Fig. 5D-E, the downregulated mRNAs were mainly
involved in pathways related to lysosome, synaptic vesi-
cle cycle, and Huntington’s disease. Pertussis pathway is
related to inflammation, and Huntington’s disease path-
way is related to apoptosis.

gRT-PCR validates the sequencing data of some DE
LncRNAs and DE mRNAs

To validate the differential expression of some IncRNAs
and mRNAs, we performed qRT-PCR (Fig. 6). Our results
showed that the IncRNAs RPI11-1D12.2, RP1-249H1.4,
and CTB-43E15.3 were significantly upregulated, while
RP11-51713.1, RP11-458F8.4, and RPI11-33E12.2 were
significantly downregulated in SLE patients (Fig. 6A-F).
Additionally, the mRNAs LTF, HBB, and PHACTR4 were
significantly upregulated, while CIRBP, ARIDIA, and
SPG7 were significantly downregulated in SLE patients
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Fig. 6 Validation of differentially expressed (DE) IncRNAs and DE mRNAs by gRT-PCR. (A-F) The expression levels of three upregulated and three down-
regulated IncRNAs were validated by gRT-PCR. (G-L) The expression levels of three upregulated and three downregulated nearby mRNAs were detected

by qRT-PCR. **p <001, *p < 0.05

(Fig. 6G-L). These findings were consistent with the
results of our high-throughput sequencing analysis, indi-
cating the reliability of our sequencing data.

Analysis of DE LincRNAs /antisense DE LncRNAs and their
nearby DE mRNAs

Given the critical role of long intergenic noncoding RNAs
(lincRNAs) in regulating nearby genes, we conducted an
analysis of DE lincRNAs. Our analysis revealed a total of
88 DE lincRNAs, with lengths and fold changes ranging
from 361 to 287,306 and from 0.85 to 6.97, respectively.
Of these, 71 were upregulated and 17 were downregu-
lated (Fig. 7A). Notably, XLOC_185773 (LncRNA tran-
script id: LNC_004051) had the most nearby mRNAs
(Fig. 7B). Further analysis of the nearby mRNAs of
XLOC 185773 revealed that HARS was significantly
upregulated in SLE patients, and HARS levels were posi-
tively correlated with XLOC_185773 levels (Additional
file 12). The top 10 lincRNAs, according to fold change,
and their nearby mRNAs are shown in Fig. 7C.

Antisense IncRNAs play a regulatory role in the tran-
scriptional or posttranscriptional regulation of cor-
responding sense mRNAs, thereby exerting their
biological functions [21]. Our analysis identified 60
human antisense DE IncRNAs, with lengths and fold
changes ranging from 503 to 167,760 and from 0.91 to
10.07, respectively (Fig. 7D). Of these, 26 were upregu-
lated and 34 were downregulated. The top 10 antisense
DE IncRNAs and their associated coding genes are dis-
played in Fig. 7E. LNC_005556 is the most significantly

upregulated antisense IncRNA in SLE, and its nearby
mRNA IGLLS is also found upregulated in SLE. Further
analysis revealed that IGLLS5 levels were positively corre-
lated with LNC_005556 levels (Additional file 13). Based
on the single-cell sequencing results of human PBMCs,
IGLL5 is mainly expressed on human B cell-subsets
(Additional file 14). Therefore, we chose Raji cells, a cell
line of human B cell origin, for further studies.

XLOC_185773 regulates its nearby coding gene HARS level
and Lnc_005556 regulates its nearby coding gene IGLL5
level

To evaluate the mechanism of specific IncRNAs and their
associated nearby coding genes in SLE progression, we
first detected the expression patterns of IncRNAs and
their associated nearby coding genes in LPS-induced
Raji cell model. As the same as we observed in SLE
patients, XLOC_ 185773, HARS, LNC_005556, IGLLS,
LNC_008045, IFI44L, LNC_000788, IFI44, LNC 001775,
and IFITMI1 were upregulated in LPS-induced Raji cell
models (Fig. 8A). To evaluate the exact effect of specific
IncRNAs and their associated nearby coding genes in
SLE, we knocked down XLOC 185773, or LNC_ 005556
by small interference RNA. We found that knock-
down of IncRNA XLOC_185773 significantly decreased
mRNA levels of HARS in Raji cells upon LPS stimulation
(Fig. 8B), indicating that the role of HARS in SLE may
dependent on XLOC_185773. In addition, LNC_005556
knockdown decreased the levels of its associated nearby
coding genes IGLLS (Fig. 8C), indicating that the role of
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LincRNA with the most nearby DE mRNAs

LncRNA_Gene_ID LncRNA_Gene_Symbol mRNA_Gene_Id mRNA_Gene_Symbol Location
XLOC_185773 == ENSG00000113108 APBB3 upstream
XLOC_185773 - ENSG00000112855 HARS2 upstream
XLOC_185773 - ENSG00000113141 1K upstream
XLOC_185773 - ENSG00000213523 SRA1 upstream
XLOC_185773 - ENSG00000113119 TMCO6 upstream
XLOC_185773 - ENSG00000120314 WDR55 upstream
XLOC_185773 = ENSG00000146007 ZMAT2 upstream
XLOC_185773 - ENSG00000131503 ANKHD1 downstream
XLOC_185773 - ENSG00000254996 ~ ANKHD1-EIF4EBP3 | downstream
XLOC_185773 = ENSG00000170458 CD14 downstream
- |:] Length: 361-287306 XLOC_185773 = ENSG00000256453 DND1 downstream
XLOC_185773 - ENSG00000243056 EIF4EBP3 downstream
Up Down Fold changed: 0.85-6.79 XLOC_185773 = ENSG00000170445 HARS downstream
XLOC_185773 - ENSG00000131495 NDUFA2 downstream
XLOC_185773 - ENSG00000176087 SLC35A4 downstream
C
| Top10 lincRNAs with their nearby DE mRNAs
LncRNA_ID ' Gene Symbol log2FoldChange mRNA_Gene_Id Nearby Gene Symbol
LNC_005556 - 10.07097 ENSG00000254709 IGLL5
INCL003025 B 033833 ENSG00000164821, ENSG00000164822, ENSG00000206047, ENSG00000239839, | DEFA4, DEFA6, DEFA1, DEFA3, DEFAS5,
= ENSG00000206047, ENSG00000164816, ENSG00000240247 DEFA1B, IFl44L
LNC_000788 - 9.21949 ENSG00000137959, ENSG00000122420, ENSG00000137965 IFI44L, PTGFR_ IFI44
LNC_005568 = 9.21506 ENSG00000254709 IGLLS
ENSG00000142082, ENSG00000185187, ENSG00000177963, ENSG00000185627, | SIRT3, SIGIRR, RIC8A, PSMD13, PKP3,
LNC_001775 - 9.02959 ENSG00000184363, ENSG00000142102, ENSG00000174885, ENSG00000206013, | PGGHG, NLRP6, IFITM5, IFITM3, IFITM2,
ENSG00000142089, ENSG00000185201, ENSG00000185885, ENSG00000182272 IFITM1, B4GALNT4
16, GTRe B AEES ENSG00000170469, ENSG00000170482, ENSG00000120725 ENSG00000228672, | SPATA24_ SLC23A1. SIL1, PROB1, PAIP2,
= ENSG00000120727, ENSG00000170476, ENSG00000015479, ENSGO0000170464, MZB1, MATR3, DNAJC18
1B, GRS B A ENSG00000164821, ENSG00000164822, ENSG00000206047, ENSG00000239839,  DEFA4, DEFA6, DEFA1, DEFA3, DEFAS5,
e ENSG00000164816, ENSG00000240247 DEFA1B
16, GT0 B D ENSG00000140830, ENSG00000118557, ENSG00000277481, ENSG00000261701, | TXNL4B, PMFBP1, PKD1L3, HPR. HP,
= ENSG00000257017, ENSG00000140829, ENSG00000102967 DHX38, DHODH
LNC_000783 - 7.24037 ENSG00000137959, ENSG00000122420, ENSG00000137965 IFI44L, PTGFR_ IFI44
LNC_005572 - 7.15201 ENSG00000254709 IGLLS
D E | Top 10 antisense IncRNAs with their nearby DE mRNAs
LncRNA_ID Gene Symbol | log2FoldChange mRNA_Gene_Id Ne;;‘:il’lﬁj"e
LNC_005556 - 10.07097 ENSG00000254709 IGLL5
LNC_005568 - 9.21506 ENSG00000254709 IGLL5
LNC_005572 = 7.152008 ENSG00000254709 IGLL5
ENSG00000137959,
LNC_000791 - 6.40693 ENSG00000122420. 'F"‘“L]FEGFR*
Down, 34, ENSG00000137965
57% ENSG00000214654,
ENSG00000119402, paois
LNC_008449 - 551637 ENSG00000214654, p
B3GNT10,
ENSGO0000106780, | =o' cos o
ENSG00000119402 N
- I:l ENST00000650004 LUCAT1 4.36503 Egﬁgggggg;:gi?gé Afgggja
Length: 503-167560
ENST00000510087.5 = CTC-358124.1 4.15677 ENSG00000164180 TMEM161B
Up Down Fold changed: 0.91-10.07 LNC_005566 - 3.70439 ENSG00000254709 IGLL5S
ENST00000625883.1 CDR1-AS 3.69151 ENSG00000184258 CDR1
ENSG00000188610, FAM72B,
ENST00000426275.1 RP11-439A17.10 3.63169 ENSG00000171943, SRGAP2C,
ENSG00000198019 FCGR1B

Fig. 7 Analysis of differentially expressed (DE) INcRNAs and their nearby DE mRNAs. (A) The number of lincRNAs that had nearby coding genes (distance
between the IncRNA and coding gene < 100 kb) is shown in a pie chart. (B) XLOC_185773 had 15 coding genes. (C) The top 10 lincRNAs (according to fold
change) with their nearby coding genes are displayed. (D) The number of antisense INcRNAs with nearby coding genes is shown in a pie chart. (E) The
top 10 antisense INcCRNAs (according to fold change) with their nearby coding genes are displayed

IGLLS in SLE may dependent on LNC_005556. These
findings provide a novel approach to understanding
the pathogenesis of SLE in terms of IncRNAs and their
associated nearby coding genes. Furthermore, we ana-
lyzed the correlations between the levels of IncRNAs
(LNC_005556 or XLOC _185773) and the clinical indica-
tors of patients (Additional file 15). The results revealed
that LNC_005556 shows a negative correlation with the
occurrence of lupus nephritis, and XLOC_185773 exhib-
its a negative correlation with the number of peripheral
blood lymphocytes, which further substantiates that

LNC_005556 and XLOC_185773 may play significant
roles in the pathogenesis of SLE.

Discussion

IncRNAs play a crucial biological role in maintaining cell
and tissue homeostasis [22-24]. To investigate the con-
tribution of IncRNAs and their nearby mRNAs to the
pathogenesis of SLE, we analyzed the differential expres-
sion of IncRNAs and their nearby mRNAs between a SLE
group and a healthy group. Our analysis revealed 419 DE
IncRNAs with 241 upregulated and 178 downregulated.
Among these, LNC_005556 was the most significantly



Liu et al. Arthritis Research & Therapy (2025) 27:44

A
15+
10 *
5] * *% i *%k
3 1 = [ -
E
5
§ 1.0
[
o
-l
0.5-
0.0-
R SR )
O S P
oo(‘ '3,‘5 Qy' Q°6 \('9
G/ ©7 o
K S &
B
% %k
5—
[2] %k k
3 4
I
z T
2 34
[
3
o 2]
2
£
R
(]
2
0_
N P > &
O O
&8 & &
< N
& (X
q’x .‘yo
N &
%X
N

Page 10 of 15

LPS - induced Raji cell model
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Fig. 8 Regulatory role of long non-coding RNAs (IncRNAs) on their neighboring coding genes in the Raji cell model. (A) Expression patterns of INcRNAs
and their neighboring coding genes in the Raji model following lipopolysaccharide (LPS) induction (n=6). (B) Expression levels of HARS in the Raji cell
model upon silencing of XLOC_185773 (n=6). (C) Expression levels of IGLL5 in the Raji cell model upon silencing of LNC_005556 (n=6).*p < 0.05, **p <0.01,

40 <0001

upregulated IncRNA, and LNC_000099 was the most
significantly downregulated IncRNA, both of which were
previously undescribed genes. We also identified 337 DE
nearby mRNAs of these DE IncRNAs, with 234 upregu-
lated and 103 downregulated.

The nearby mRNA with the most obvious upregula-
tion was LTF, which is an iron-binding glycoprotein with
immunomodulatory function and antimicrobial activity
[25]. Recurrent infection in SLE patients may upregulate
LTF. LTF or the immune response against LTF may asso-
ciate with the onset of IgG4-related diseases through the
activation of innate immune response and fibroblast pro-
liferation [26, 27]. However, to our knowledge, we newly

identified its relevance to SLE pathogenesis. Additionally,
the most significantly downregulated nearby mRNA was
CIRBP. By binding to the target mRNA 3’-UTR, it regu-
lates mRNA-stability, promotes translation, responds
to various stresses, and helps cells adapt to new envi-
ronmental conditions [28]. CIRBP plays a crucial role
in regulating DNA double strand break (DSB) repair.
Enhanced sensitivity to y rays was observed in CIRBP-
deficient cells [29]. CIRBP not only participates in the
anti-apoptotic process under mild hypothermia, but also
protects against cell senescence induced by ultraviolet
radiation and hypoxia [30]. In HaCaT cells, the knock-
down of CIRBP enhanced UVB-induced PARP cleavage
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and caspase 3 activation, thereby confirming the role of
CIRBP in inhibiting UVB-induced apoptosis of kerati-
nocytes [31]. Current studies have shown that CIRBP
expression is associated with reduced susceptibility to
UV-mediated apoptosis in cells by modulating stress
response and apoptosis pathways [32-36]. Our study
revealed that CIRBP was downregulated in SLE patients,
which may lead to instability of stress-related mRNA
and damaged DNA double strands. This can result in
the generation of the autoantigens that participate in the
pathogenesis of SLE. Therefore, we hypothesize that the
downregulation of CIRBP in SLE patients may explain
why ultraviolet radiation is one of the susceptibility fac-
tors of SLE. Moreover, CIRBP protects neurons against
amyloid toxicity through antioxidant and anti-apoptotic
pathways [37]. However, whether it is involved in neuro-
logical changes in SLE patients remains to be determined.

The immune effector process was identified as the most
significant upregulated term in the GO analysis. Partici-
pating genes included IFIT1, IFIT2, SIGLEC14, S100AS,
S100A12, among others. IFIT1 is positively correlated
with podocyte injury in lupus nephritis [38], while IFIT2
is significantly upregulated in the blood of SLE patients
and positively correlated with SLE disease activity [39].
Sialic acid-binding Ig-like Lectin 14 (SIGLECI4) in
monocytes is positively correlated with the SLEDAI
score, anti-Sm and anti-SSB autoantibodies, and may
be involved in the inflammation of SLE [40]. Elevated
S100A8 levels are observed in anti-dsDNA antibody-pos-
itive SLE patients, and SI00A12 may serve as a disease
activity marker of SLE [41]. Similarly, elevated S100A12
levels were reported in adults and children with active
lupus [42, 43]. A previous study reported that upregu-
lated genes were enriched in the term of defense and
immune response in SLE patients [12], which is consis-
tent with our findings.

Downregulated genes were enriched in the GO term of
negative regulation of single-stranded viral RNA replica-
tion via double-stranded DNA intermediate. Members of
the APOBEC family, including APOBEC3F, APOBEC3G,
APOBEC3D, APOBEC3H were the main genes involved.
APOBECs play a crucial role in the conversion of cyto-
sine to uracil. The downregulation of this term may lead
to the accumulation of C-U mismatch and the formation
of new autoantigens. Moreover, the clearance of exoge-
nous and endogenous DNA in cells is also weakened [44,
45]. Previous studies reported that APOBEC is involved
in the pathogenesis of SLE by generating or increasing
the autoantigen load, which is recognized by the body
and triggers an immune response [46].

The pertussis signaling pathway was found to be sig-
nificantly upregulated. The upregulated genes included
ClgA, ClgB, CigC, CXCL6, and CXCL8. Clgq is involved
in the classic mechanism of complement activation in
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SLE [47]. CXCL8 and CXCL6 are the main mediators of
inflammatory response. IL8, also known as CXCLS, is sig-
nificantly increased in SLE patients and involved in the
pathogenesis of SLE by chemotactic neutrophils [48].
Additionally, NLRP3, IL1A, IL1f, and IL10 were upregu-
lated in the pertussis signaling pathway. NLRP3 enhances
IL1 production and plays a role in the regulation of
inflammation, immune response, and apoptosis [49].
NLRP3 and ILIp are significantly upregulated in macro-
phages and PBMC:s of SLE patients [50, 51]. Interestingly,
the upregulated genes ClgA, CiqC, ClgB, NLRP3, and
CXCL6 participate in the GO terms of immune effector
process and protein binding, suggesting their involve-
ment in immune responses at different stages in SLE
pathogenesis. Similarly, Cheng et al. [12] reported that
genes of the complement pathway were upregulated in
SLE patients.

The lysosome pathway exhibited the most significant
downregulation in our study. Lysosomes play a crucial
role in maintaining immune homeostasis by degrading
phagocytotic fragments of apoptosis. In SLE, lysosome
maturation is defective, leading to the inability of mac-
rophages to degrade immune complexes formed by IgG
binding to apoptotic blebs [52]. Consequently, the down-
regulation of this pathway may result in the accumulation
of apoptotic fragments, which act as antigens to trigger
the onset of SLE [13].

By comparing our discovered DE IncRNA, mRNA,
GO term or KEGG with some existing key related stud-
ies [13, 53, 54], we found that there was no overlapping
part among the IncRNA, mRNA or KEGG obtained in
different studies. That is to say, most IncRNAs, mRNAs
or KEGG pathways in different studies are specific. The
differences in these results may be related to the genetic
background of the population, data source, sample selec-
tion, research design, analysis strategy or the complexity
of the SLE pathological mechanism. For example, Cao
et al. [13] used samples from patients in the USA, Spain,
Australia and Japan, while our study focused on patients
in China. Moreover, Cao et al. analyzed mRNAs, while
our study examined the nearby mRNAs of differentially
expressed IncRNAs. However, there is partial overlap in
the GO analysis results obtained in different studies, and
the GO term “Metabolic processes” was found in one
previous study [53] and our study. This result indicates
that the biological process of “Metabolic processes” may
play an important role in the pathological mechanism of
SLE. The repeated findings provide consistency and reli-
ability for the study of the molecular mechanism of SLE.

We identified 88 lincRNAs with nearby mRNAs,
among which upregulated XLOC 185773 (LncRNA
transcript id: LNC_004051) had the most coding
genes (7 upstream genes and 8 downstream genes).
Upstream HARS2 (ENST00000448069: upregulated,
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ENST00000642970: downregulated) and downstream
HARS (ENST00000307633: upregulated) are aminoacyl-
tRNA synthases, involved in the synthesis of histidine
transfer RNA. Although the role of histidine transfer
RNA in SLE is unclear, it is a common target of autoan-
tibodies in the human autoimmune disease polymyositis/
dermatomyositis [55]. We observed a positive correla-
tion between the levels of XLOC 185773 and the levels of
HARS, and XLOC_185773 may be involved in the patho-
genesis of SLE by regulating HARS. In the result of the
correlation analysis between XLOC_185773 and the clini-
cal indicators of patients, we found that XLOC_185773
exhibits a significant negative correlation with the num-
ber of peripheral blood lymphocytes. Lymphopenia is
one of the most common clinical manifestations of SLE
and also one of the bases for hematological system dam-
age in the diagnostic criteria of SLE. This result supports
the hypothesis that XLOC_185773 may be involved in the
pathogenesis of SLE. Among the mRNAs near the DE lin-
cRNAs, upregulated DEFA and IFITM genes are involved
in defense functions, the innate immune system, and
interferon gamma signaling pathways. Consistent with
our findings, Novaes E.B.R.R. et al. observed IFITMI
upregulation in (NZB/NZW) F1 mice [56] and in the
platelets of SLE patients [57]. Cao et al. [13] also reported
upregulation of IFI44 and IFI44L in SLE patients, which
may contribute to facial erythema and positive anti-
Smith antibodies [58].

In addition, we identified upregulated IGLLS in
SLE patients, which encodes an immunoglobulin X
like polypeptide, and was associated with three lin-
cRNAs (LNC_005556, LNC_005568, LNC_005572) and
four antisense IncRNAs (LNC_005556, LNC 005568,
LNC_005572, LNC_005566). We found that LNC_005556
may positively regulate IGLL5, supporting the hypothesis
that LNC_005556 is involved in the pathogenesis of SLE.
It would be intriguing to explore whether LNC_005556
or IGLL5 could potentially serve as a potential tar-
get for SLE. Surprisingly, however, we discovered that
LNC_005556 is negatively correlated with the occur-
rence of lupus nephritis, indicating that different regula-
tory mechanisms may be involved in the process of lupus
nephritis occurrence, or additional factors that are not
fully captured by the relationship between LNC_ 005556
and IGLL5. Hence, identifying other potential down-
stream targets of LNC_005556 that may be potentially
relevant to the occurrence of lupus nephritis might be
crucial for understanding the heterogeneity of SLE and
its various clinical manifestations. Although upregu-
lated IGLLS5 is reported to be involved in the pathogen-
esis of rheumatoid arthritis [59], we report for the first
time its involvement in SLE pathogenesis. On one hand,
we recognize the necessity of further research to com-
prehensively understand the specificity of IGLLS5 in SLE
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pathogenesis. On the other hand, further investigating
the abnormal expression of IGLLS in different rheumatic
diseases will also contribute to exploring the possibility
of IGLL5 becoming a non-specific indicator for rheu-
matic diseases.

The advantages of this study are as follows: Firstly, it
employs high-throughput sequencing technology to con-
duct a comprehensive expression analysis of IncRNAs in
SLE patients, uncovering some novel IncRNAs. Secondly,
the findings possess strong clinical relevance as they
explore the potential correlations with the disease activ-
ity. Finally, it provides data integrity by offering abundant
clinical information and gene expression data, establish-
ing a valuable database for future research on SLE. The
limitations include: Firstly, the study population mainly
from a specific region which may impact the universal-
ity of the results. Secondly, si-CIRBP studies and UV
irradiation experiments were not conducted in the Raji
cell line. Finally, functional verification of the identi-
fied DE IncRNAs is insufficient. Future research direc-
tions involve specifically validating the expressions of DE
IncRNAs in B cells from SLE patients, and increasing the
sample size to comprehensively investigate the underly-
ing mechanisms of the DE IncRNAs in SLE.

Conclusions

Utilizing high-throughput sequencing, we identified DE
IncRNAs and their nearby DE mRNAs in SLE, which
may contribute to explaining the molecular mechanisms
linked to susceptibility factors such as lupus photosen-
sitivity and infections. Our results underscore the sig-
nificance of the complement system and inflammatory
mediators, including CigA, ClgB, ClqC, NLRP3, and
CXCL6, in SLE, alongside an upregulation of the stress
defense pathway against infection in patients. Addition-
ally, analysis of genes adjacent to lincRNAs highlighted
HARS, DEFA, IFITM, and IGLLS as potential targets for
further exploration of SLE pathogenesis. Notably, we
identified two IncRNAs in SLE patients, XLOC_185773
and LNC_005556, which are significantly upregulated
and may regulate HARS and IGLLS5, respectively. Fur-
thermore, a negative correlation was observed between
the expression of XLOC_185773 and the reduction
of peripheral blood lymphocytes, as well as between
LNC_005556 and lupus nephritis. These findings provide
deeper insights into SLE pathology and propose potential
biomarkers for early diagnosis and treatment, warranting
additional investigation.

Abbreviations
ACR American Society of Rheumatology

APOBEC Apolipoprotein B mRNA editing enzyme catalytic
ARID1A AT-rich interaction domain 1 A
aCl-lgA Anticardiolipin IgA Antibodies
aCl-lgM Anticardiolipin IgM Antibodies
aCl-lgG Anticardiolipin IgG Antibodies
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anti-dsDNA  Anti-double stranded DNA antibody

BP Biological process
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CIRBP Cold inducible RNA binding protein

CTRL Control

CXCL C-X-C motif chemokine ligand

DE Differentially expressed

DEFA Defensin Alpha

ESR Erythrocyte Sedimentation Rate

FC Fold change

FPKM Fragments per kilobase of exon model per million mapped
fragments

GO Gene ontology

HARS Histidyl-tRNA synthetase

HBB Hemoglobin subunit beta

IFI Interferon induced protein

IFIT Interferon induced protein with tetratricopeptide repeats

IFITM Interferon induced transmembrane protein

IFN Interferon

IGLLS Immunoglobulin lambda like polypeptide 5

IL Interleukin

KEGG Kyoto encyclopedia of genes and genomes

LMBRD2 LMBR1 domain containing 2

lincRNA Long intergenic non-coding RNA

INcCRNA Long non-coding RNA

LPS Lipopolysaccharide

LTF Lactotransferrin

Ly Lymphocyte Count

MF Molecular function

mMRNA Messenger RNA

NLRP3 NLR Family Pyrin Domain Containing 3

PBMC Peripheral blood mononuclear cells

PHACTR4 Phosphatase and actin regulator 4

gRT-PCR Quantitative real-time PCR

S100A S100 calcium binding protein A

SIGLECT4 Sialic acid-binding lIg-like Lectin 14

Si-RNA Small interference RNA

SLE Systemic lupus erythematosus

SLEDAI Systemic lupus erythematosus disease activity index 2000

SPG7 SPG7 Matrix AAA Peptidase Subunit

TEC Tec Protein Tyrosine Kinase

WBC White Blood Cell Count
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Additional file 9.docx: Top 20 significantly downregulated GO terms of
cellular component.

Additional file 10.docx: Top 20 significantly downregulated GO terms of
molecular function.

Additional file 11.pdf: Pertussis pathway. The red squares represent the DE
mMRNAs.

Additional file 12.tif: The analysis on the FPKMs of HARS, HARS2

or XLOC_185773. (A) The FPKMs of HARS (ENST00000307633). (B)

The FPKMs of HARS2 (ENST00000448069). (C) The FPKMs of HARS2
(ENST00000642970) (D) The FPKMs of XLOC_185773 (LNC_004051). * p-ad-
just<0.05, ** p-adjust < 0.01, *** p-adjust < 0.001. (E) The correlation analy-
sis between the mRNAs (HARS, HARS2) and the IncRNA (XLOC_185773).

Additional file 13.tif: The analysis on the FPKMs of IGLL5 or XLOC_145172.
(A) The FPKMs of IGLL5 (ENST00000532223). (B) The FPKMs of IGLL5
(ENST00000531372). (C) The FPKMs of IGLL5 (ENSTO00005268893) (D) The
FPKMs of XLOC_145172 (LNC_005556). * p-adjust < 0.05, ** p-adjust <0.01,
*** p-adjust <0.001. (E) The correlation analysis between the mRNAs
(IGLL5) and the INcCRNA (XLOC_145172).

Additional file 14.tif: Histogram illustrating the gene expression levels in
peripheral blood mononuclear cells (PBMCs) of healthy human subjects,
as determined by single-cell sequencing data. The data source for this
analysis is available from EMBL's European Bioinformatics Institute (web-
site: http://www.ebi.ac.uk/gxa/experiments/E-MTAB-3827/Downloads?sp
ecific=true%26geneQuery=%255B%257B%2522value%2522%253A%252
2ensg00000106799%2522%257D%255D%26flterFactors=%257B8%257D
%26cutoff=%257B%2522value%2522%253A0.5%2570D%26unit=%2522F
PKM%2522).

Additional file 15.pdf: Correlation analysis of RNA levels and clinical mani-
festations in the SLE cohort. A Spearman’s rank correlation heatmap shows
the correlation between the FPKM expression levels of mRNAs (HARS
and IGLL5) and their co-located IncRNA (XLOC_185773 and LNC_005556)
with patients’ clinical information. The size of the circles represents the
absolute value of the correlation coefficient; red circles indicate a positive
correlation coefficient, denoting a positive correlation, and blue circles
indicate a negative correlation coefficient, indicating a negative correla-
tion. Asterisks within the circles signify significant correlation between
the two variables. *p <0.05. Abbreviations: LN (Lupus Nephritis), SLEDAI
(Systemic Lupus Erythematosus Disease Activity Index), C3 (Complement
Component 3), C4 (Complement Component 4), CRP (C-reactive Protein),
ESR (Erythrocyte Sedimentation Rate), WBC (White Blood Cell Count), LY
(Lymphocyte Count), anti-dsDNA (Anti-double stranded DNA antibody),
aCl-lgA (aCL-IgA, Anticardiolipin IgA Antibodies), aCL-IgM (Anticardiolipin

Additional file 1.docx: Clinical information of the patients.

Additional file 2.docx: Detailed clinical information for the 50 patients with
Systemic Lupus Erythematosus (SLE).

Additional file 3.pdf: Age and Gender Distribution in the Healthy Control
Group (A) and the Systemic Lupus Erythematosus (SLE) Group (B). This
figure depicts the demographic composition of these two groups, where
orange bars signify female participants and blue bars represent male
participants. The numerical values superimposed on the bars match the
percentage of females in each specific age range.

Additional file 4.docx: The sequence of the gRT-PCR primers.

Additional file 5.docx: Top 20 significantly upregulated GO terms of
biological process.

Additional file 6.docx: Top 20 significantly upregulated GO terms of cellular
component.

Additional file 7.docx: Top 20 significantly upregulated GO terms of
molecular function.

Additional file 8.docx: Top 20 significantly downregulated GO terms of
biological process.

IgM Antibodies), aCL-IgG (Anticardiolipin IgG Antibodies).
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